Objective: Obesity and high fat diet (HFD) consumption in rodents is associated with hypothalamic inflammation and reactive gliosis. While neuronal inflammation promotes HFD-induced metabolic dysfunction, the role of astrocyte activation in susceptibility to hypothalamic inflammation and diet-induced obesity (DIO) remains uncertain. TdTomato marker mice treated using the same protocol, minimal Cre-mediated recombination was observed in the mediobasal hypothalamus (MBH). By contrast, mice pretreated with 6 weeks of HFD exposure prior to tamoxifen administration showed substantially increased recombination throughout the MBH. Remarkably, this treatment approach protected IKKb-AKO mice from further weight gain through an immediate reduction of food intake and increase of energy expenditure. Astrocyte IKKb deletion after HFD exposuredbut not beforedalso reduced glucose intolerance and insulin resistance, likely as a consequence of lower adiposity. Finally, both hypothalamic inflammation and astrocytosis were reduced in HFD-fed IKKb-AKO mice. Conclusions: These data support a requirement for astrocytic inflammatory signaling in HFD-induced hyperphagia and DIO susceptibility that may provide a novel target for obesity therapeutics.
INTRODUCTION
Obesity and excessive dietary consumption promote an inflammatory state in peripheral metabolic tissues driven by ingress and activation of immune cells [1, 2] . Likewise, the central nervous system (CNS) responds to high fat and sugar-rich diets with rapid upregulation of the master inflammatory NF-kB pathway in important brain regions including the hypothalamus, a critical site of energy homeostasis regulation [3e7] . High-fat diet (HFD) consumption drives hypothalamic cytokine production, neuronal stress, and insulin/leptin resistance that together promote excess weight gain and food intake [4,8e10] . Reducing neuronal inflammatory capacity through deletion or inhibition of NF-kB pathway intermediates (e.g. IKKb, MyD88, IkBa) restores hypothalamic control of energy balance [5, 6, 11] , resulting in reduced susceptibility to diet-induced obesity (DIO) and glucose intolerance.
Thus, identifying mechanisms that regulate the hypothalamic inflammatory process can advance our understanding of obesity pathogenesis and assist with development of new treatment targets. Recent evidence suggests that neuronal inflammation may be a downstream event during DIO, with the recruitment and activation of hypothalamic glial cells being a more proximal response to HFD exposure [3,10,12e14] . This gliosis process is characterized by the accumulation and proliferation of activated microglia and astrocytes in the region of the mediobasal hypothalamus (MBH) [10,12e17] . While several studies have implicated microglia in the generation of dietinduced inflammatory signals and metabolic dysfunction [17, 18] , a similar role for astrocytes remains unclear. One study demonstrated a modest contribution of astrocyte inflammation to caloric intake on the first day of HFD feeding, but no analysis of DIO susceptibility was reported [19] .
Astrocytes are abundant throughout the CNS and involved in many fundamental processes including synaptic transmission, neurovascular coupling, and bloodebrain barrier maintenance [20] . In addition, astrocytes participate in CNS immune responses, adopting an activated phenotype with increased glial fibrillary acidic protein (GFAP) expression and release of proinflammatory cytokines that can enhance neurotoxicity and neurodegenerative disease progression [20e22] . Thus, astrocytes have the potential to impact energy homeostasis regulation in health and disease. Indeed, MBH astrocytes modulate feeding behavior when pharmacologically activated [23, 24] and show dynamic responses to circulating signals of nutrient availability such as insulin and leptin [25e28]. In addition, MBH astrocytes become activated with obesity and HFD feeding in rodents and humans [10, 29] , raising the possibility that astrocyte inflammation disrupts hypothalamic regulation of energy balance and promotes DIO. To address this hypothesis, we developed a mouse model with an inducible astrocytespecific deletion of IKKb. Using this approach, we demonstrate that reduction of astrocyte inflammatory signaling protects mice from HFDinduced hypothalamic inflammation and reduces susceptibility to DIO and glucose intolerance. These results highlight the important role of non-neuronal cells in obesity pathogenesis and suggest the possibility of new cellular targets for therapy.
MATERIAL AND METHODS

Animals
All mice used in the experiments were male and on a C57BL/6J background. The reporter strain was generated by crossing Gfap Light and dark cycle energy expenditure were determined using the average of all 72 data points per 12-h light cycle of 3 consecutive days, and these, in turn, were averaged to obtain total 24-h energy expenditure. Ambulatory activity was measured continuously with consecutive adjacent infrared beam breaks in the x-, y-and z-axes scored as an activity count that was recorded every 10 min as previously described. Data acquisition and instrument control were coordinated by MetaScreen v.2.0.0.9, and raw data was processed using ExpeData v.1.6.4 (Sable Systems) with an analysis script documenting all aspects of data transformation.
Glucose and insulin tests
For the glucose tolerance test (GTT), mice were fasted 4 h and then administered 2 g/kg body weight D-glucose i.p., and blood glucose from tail was measured by glucometer (Freestyle Lite, Abbot Diabetes Care Inc.). In a separate experiment that analyzed glucose-stimulated insulin secretion (GSIS), blood samples were taken at t ¼ 0 and 15 min for measurement of serum insulin by ELISA (Crystal Chem Inc). For the insulin tolerance test (ITT), food was removed from mice 4 h prior to experiment and recombinant insulin (Humulin R, Eli Lilly & Co.) was administered i.p. at 1.25 U/kg. Area-under-curve (AUC) and area-overcurve (AOC) were calculated by the trapezoid rule.
Primary astrocyte culture
Control and IKKb-AKO mice aged P1 to P4 were sacrificed by decapitation, meninges removed, and cortices isolated under a dissecting microscope. Four cortices per group were pooled and minced, and incubated in Hanks Buffered Salt Solution (HBSS) with 2.5% Trypsin/EDTA at 37 C for 30 min with shaking. After centrifugation, the tissue was resuspended in media and further dissociated by pipetting into a single cell suspension. Mixed cortical cells were seeded onto a poly-D-lysine coated T75 flask with culture media (Dulbecco's Modified Eagle's Medium (DMEM), 4.5 g/L glucose, 10% fetal bovine serum, L-glutamine, 25 mM HEPES, and 1% penicillin/ streptomycin) and incubated at 37 C and 5% CO 2 /air. After cells reached confluency, microglia were removed by shaking at 180 rpm for 30 min and discarding the supernatant, followed by further shaking at 240 rpm for 6 h to remove oligodendrocyte precursors. To induce recombination, the resulting astrocyte-enriched culture was incubated in culture media containing 5 mM 4-hydroxy tamoxifen (4-OHT, Sigma) 3 days prior to experiments.
Quantitative real time PCR (qRT-PCR)
Total RNA was extracted using RNeasy micro kit according to manufacturer's instructions (Qiagen) and reverse-transcribed with High Capacity cDNA Reverse Transcription Kit (Applied Biosystems). Levels of transcripts were measured by quantitative real-time PCR on an ABI Prism 7900 HT (Applied Biosystems) using the standard curve method and specific primer sequences (Supplementary Table 1 ).
Histological analyses
Mice were perfused with PBS and then 4% paraformaldehyde (PFA). Brains were removed from the skull, post-fixed in PFA, and cryoprotected in 25% sucrose/phosphate buffered saline (PBS). Brain sections containing the hypothalamus were mounted in OCT, and 30-40 mm-thick coronal sections were cut using a cryostat (Leica CM1850). Immunohistochemistry was performed in free-floating sections with the following primary and secondary antibodies: mouse monoclonal anti-GFAP-Cy3 (Sigma, catalog #C9205), rabbit anti-Iba1 (Wako, catalog # 019-19741), and goat anti-rabbit Alexa Fluor 488 (Life Technologies, A11008). Sections were mounted onto slides and imaged by epifluorescence microscopy. Immunostaining in the ARC and MBH was performed blinded and fluorescence was analyzed using Image J software with threshold values to standardize intensity, followed by quantification of mean pixel area per region of interest (ARC, MBH, and DMH) or per cell. Total cell counts were measured manually using the Image J cell counter plugin.
Statistical analyses
All results are presented as mean AE SEM. For between-subject comparisons, statistical significance was determined by unpaired two-tail Student's t test or two-way and repeated measures ANOVA with Bonferroni post-hoc tests using statistical software (Prism 6.0, GraphPad). Probability P values of less than 0.05 were considered significant.
RESULTS
Tamoxifen treatment prior to HFD exposure does not affect diet-induced obesity in Gfap
CreER Ikbkb fl/fl mice
We have previously shown that HFD consumption in rodents is associated with hypothalamic inflammation and activation of astrocytes prior to the onset of weight gain [10] . To determine whether astrocyte activation promotes the development of obesity through the generation of inflammatory mediators, we studied mice in which astrocytespecific deletion of IKKb is accomplished by administration of tamoxifen (Gfap Figure S1AeD) . Next, we investigated the metabolic consequences of astrocyte NF-kB inactivation, accomplished by treating IKKb-AKO and Ctl mice with tamoxifen 4 wks prior to the introduction of HFD ( Figure 1A ). Weight gain on chow (ages 6e10 wks; data not shown) and after 11 wks of HFD exposure were equivalent between IKKb-AKO and Ctl mice ( Figure 1B ), as were the degree of initial HFD-induced hyperphagia (week 0e1; Figure 1C ) and average daily food intake throughout the study ( Figure 1C ). To determine whether reduction of astrocyte NF-kB signaling has an independent effect on glucose homeostasis, we performed a glucose tolerance test (GTT; 2 mg/kg i.p.). At week 9 of HFD, glucose excursions were not different between IKKb-AKOs and Ctls (Figure 1DeE ). Given the lack of metabolic alterations despite reduced astrocyte inflammatory capacity in vitro (Supplemental Figure S1AeC) , we then sought to determine the activation status of MBH astrocytes in vivo by monitoring hypothalamic expression of GFAP, an NF-kB response gene that indicates reactive astrocytosis [31] . Immunohistochemical (IHC) analysis of MBH nuclei (arcuate (ARC) and ventromedial (VMN)) confirmed the marked induction of GFAP immunoreactivity by HFD feeding (Figure 1FeG ), but showed no differences between IKKb-AKO and Ctl mice. Thus, astrocyte NF-kB inactivation prior to HFD exposure neither prevented diet-induced MBH astrogliosis nor altered diet-induced weight gain and glucose intolerance.
HFD consumption increases CreER-mediated recombination in the MBH of Gfap CreER reporter mice The Gfap
CreER mouse is a commonly used model to modify astrocyte gene expression in a temporally-controlled manner using tamoxifen administration [25, 28] . However, astrocytes are heterogeneous, and only a subpopulation express GFAP at significant levels in the uninflamed CNS [20, 32] . Indeed, we found using Gfap CreER ROSA26-stop fl/ fl -tdTomato reporter mice (Figure 2AeB ) that TMX induced minimal recombination in the ARC and MBH of chow-fed mice subsequently fed HFD (TMX-HFD, Figure 2CeD ). However, when age-matched reporter mice received TMX after 6 weeks of HFD feeding (HFD-TMX), there was a large increase in CreER-mediated recombination in the ARC and MBH, but not the DMH (Figure 2CeD) , consistent with the specific upregulation of MBH GFAP by HFD feeding (Figure 1FeG ) [10, 16] . Thus, the minimal IKKb deletion in the MBH may account for the lack of metabolic alterations in IKKb-AKO mice that receive tamoxifen before HFD exposure. mice relative to Ctls (Figure 3BeC ). The reduced body weight specifically resulted from decreased fat mass ( Figure 3D ), as lean mass was unaffected (data not shown). To assess energy expenditure in the HFD-TMX IKKb-AKO mice, we performed indirect calorimetry in a separate cohort studied 3 weeks after TMX administration prior to the divergence of body weight and body composition between genotypes (Supplemental Figure S2AeC) . While RER and ambulatory activity were unchanged in IKKb-AKO mice compared to Ctls (Supplemental Figure S2DeG) , metabolic rate was significantly increased over all photoperiods (Figure 3EeF ). Thus, reduced MBH astrocyte NF-kB signaling limits DIO through both decreased food intake and increased energy expenditure.
3.4. Glucose homeostasis is improved in IKKb-AKO mice fed chronic HFD Using cohorts of HFD-TMX IKKb-AKO mice ( Figure 3A) , we assessed glucose homeostasis both early (3 wks post-TMX) and late (9 wks post-TMX) during HFD feeding. While glucose tolerance was unaffected by astrocyte IKKb deletion at the early time point (Figure 3GeH ), IKKb-AKO mice had improved glucose tolerance and insulin sensitivity after body weight divergence (Figure 3IeL ). Twenty weeks after TMX administration, IKKb-AKO mice also had lower fasted and glucosestimulated insulin levels than Ctls (Figure 3MeN ), suggesting glucose tolerance is a result of preserved insulin sensitivity rather than enhanced insulin secretion. Overall, these results indicate that 3.5. HFD-TMX IKKb-AKO mice have reduced hypothalamic astrogliosis and inflammation HFD consumption and obesity are associated with increased hypothalamic levels of inflammatory mediators and activation and proliferation of MBH glial cells [3] . Given that IKKb-AKO mice administered TMX prior to HFD feeding show neither decreased hypothalamic gliosis nor altered DIO susceptibility, we investigated whether HFD-TMX IKKb-AKO mice show reduced astrocyte activation along with their DIO resistance. IHC analysis revealed a near 50% reduction in GFAP immunoreactivity in the ARC and MBH of IKKb-AKO mice (Figure 4Ae  B) . While the number of GFAP-positive astrocytes in the ARC did not differ between IKKb-AKO and Ctl mice ( Figure 4C ), cell size was significantly decreased in IKKb-AKO mice ( Figure 4A,D) , suggesting that activation of hypothalamic astrocytes in response to HFD requires intact inflammatory signaling. In contrast, ARC and MBH microglial number assessed by Iba1 staining was not significantly affected by astrocyte IKKb deletion (Figure 4EeF) . Similarly, hypothalamic gene expression analysis revealed significantly less Gfap but unchanged Emr1 (microglia-specific gene) mRNA levels in IKKb-AKO mice compared with Ctls ( Figure 4G ). In addition to reduced markers of astrogliosis, IKKb-AKO mice had significantly lower hypothalamic expression of the cytokines Il1b and Il6, although there were no changes in Tnfa or the chemokine Ccl2 ( Figure 4H) . Expression of the orexigenic neuropeptide Npy was significantly lower in IKKb-AKO mice while levels of the potent anorexigenic neuropeptide Bdnf were increased ( Figure 4I ) [33, 34] . Taken together, these data indicate that deletion of IKKb in astrocytes restrains HFD-induced hypothalamic 
DISCUSSION
Reactive astrocytosis is a prominent early hypothalamic response to obesity and HFD feeding in rodents and humans, but its functional significance to DIO susceptibility remains uncertain. Here, we demonstrate for the first time that astrocytes are critical contributors to obesity pathogenesis induced by HFD feeding. Specifically, we show that IKKb-AKO mice receiving TMX after 6 wks of HFD feeding show reduced MBH astrocyte activation and hypothalamic inflammation, though no change in microgliosis. Remarkably, these mice become DIO resistant with lower food intake and increased energy expenditure and show weight-dependent improvements in glucose homeostasis. In contrast, mice without prior HFD exposure have minimal gene deletion in MBH astrocytes after TMX administration and no distinguishable metabolic characteristics during HFD feeding. Together, these data demonstrate the fundamental contribution of astrocyte signaling to obesity pathogenesis and highlight the potential pitfalls associated with commonly used astrocyte gene deletion models.
In the two experimental approaches used in this study, we found that only TMX treatment after prolonged HFD consumption had significant effects on inactivating hypothalamic astrocytes and altering the metabolic phenotype of IKKb-AKO mice. While these results highlight the importance of hypothalamic astrocyte inflammation in promoting obesity, the data from both approaches also suggest that IKKb deletion from the population of Gfap CreER -expressing cells in unchallenged (chow-fed) mice is not sufficient to limit hypothalamic inflammatory potential or alter metabolic parameters during HFD feeding. Thus, we hypothesize that HFD exposure triggers increased GFAP expression and activation in subpopulations of MBH astrocytes (primarily in the ARC) that promote susceptibility to DIO. Future studies are required to characterize the heterogeneous astrocyte response to HFD feeding and identify specific populations in the MBH and other brain regions that contribute to the regulation of energy balance. Gfap promoter-based transgenic mice are the most well-established models used to study astrocyte function [28,35e37] . Their application to the study of energy homeostasis is problematic, however, due to inefficient transgene expression in the MBH [32] . Interestingly, prior HFD exposure circumvented this limitation by increasing the degree of MBH astrocytic recombination induced by Gfap CreER mice. Though the exact mechanism by which this occurs is not yet known, a likely possibility is the enhanced CreER transcription from diet-induced upregulation of the transgenic Gfap promoter. This hypothesis is consistent with the finding that HFD feeding triggers MBH astrocyte activation and increased GFAP expression [10, 13, 15, 16] through an NF-kB-dependent mechanism. A previous study reported on a 7 d HFD feeding paradigm in a doxycycline-inducible model of astrocyte NF-kB inactivation with overexpression of dominant-negative IkB (GFAP-tTA Â IkB-DN). The authors found a modest increase in HFD intake on the first day of exposure, but no other effect on energy balance was reported [19] . In the present study, we observed no differences in the initial hyperphagic response to HFD in the TMX-HFD IKKb-AKO mice and could not assess this parameter in the HFD-TMX cohort. However, we did observe increased energy expenditure, reduced chronic HFD intake, and prevention of fat mass accumulation in the HFD-TMX IKKb-AKO mice. These discrepancies with Buckman et al. likely relate to the long-term HFD study we conducted, the greater MBH astrocyte NF-kB inactivation achieved with 6 weeks of pre-exposure to HFD, the use of doxycycline and Splenda Ò -infused water for transgene activation in Buckman et al., and differences in background strain of mice (C57BL6/ J in this study vs. FVB; BL6 F1 hybrid) [19] . Additionally, the differences between the "tamoxifen first" and "HFD first" cohorts suggest that deletion of astrocyte inflammatory capacity specifically in the MBH may be required to reduce DIO susceptibility.
CONCLUSION
In summary, we have developed an approach to increase the recombination efficiency of the Gfap CreER mouse in the MBH to demonstrate that astrocyte inflammatory signaling sustains hypothalamic inflammation and DIO sensitivity during chronic HFD feeding. The reduced adiposity of HFD-TMX IKKb-AKO mice results from both decreased food intake and increased energy expenditure, suggesting links between astrocyte signaling and hypothalamic neuronal circuits that regulate multiple aspects of energy balance. Overall, these results highlight the importance of non-neuronal cells in metabolic disease and demonstrate the potential of astrocyte-directed interventions to provide novel obesity therapeutics.
